INTRODUCTION
Pedestrian-vehicle accidents are a globally recognized safety concern.
Efforts toward modifying vehicle designs to offer more protection for pedestrians began in earnest in the 1970s. In parallel, test procedures to evaluate the performance of the new designs were developed. In industrialized countries pedestrian safety has improved significantly since then. However, as the number of motor vehicles increases rapidly in less developed nations, global pedestrian traffic fatalities remain a major issue.
Beyond the real-world concerns, other incentives for automakers to introduce design features to enhance pedestrian safety are current and planned public domain tests and government regulations. The maximum force allowed for vehicle low-speed impact is significantly higher than that tolerated by the human lower limb (as measured by the acceleration criterion). In addition, the intrusion limit, combined with the desire to limit the front-end vehicle length, tends to drive the bumper stiffness as high as possible while still 
SUPPORT (LOAD DISTRIBUTION)
The support function of the bumper system is directly related to the knee bend angle criterion illustrated in Figure 2 . It is intended to reduce the risk of severe knee joint injuries such as ligament ruptures and intra-articular fractures. The goal is to provide enough support below and/or above the main bumper to limit the bending moment at the knee joint during an impact. This situation is complicated by two vehicle design requirements:
• The vehicle damageability standard for bumpers requires the front bumper to be located at approximately the same height as the pedestrian 'leg-form' knee. So without other support, the greatest bending moment would occur at the knee.
This standard also mandates no damage to other vehicle components, limiting their location.
•
The ground clearance and approach angle requirements limit how low to the ground any components can be located.
The goal in the design of bumper components to support the lower limb during a pedestrian impact is to limit the 'leg-form' bending without either (a) sacrificing vehicle damageability, or (b) violating vehicle approach angles.
The literature and patent review identified different approaches to meet this goal. As above, these are summarized in order of decreasing popularity, as measured by the number of patents describing each
solution. An example patent is listed for each.
Fixed Lower Stiffeners -41 patents describe a new stationary component to be positioned below the bumper system to prevent the lower part of the 'leg-form' from intruding further than the knee. This is typically called a 'lower stiffener' or 'spoiler,' though occasionally is referred to as a 'cow catcher' based on its functional resemblance to that device. The differences in these design proposals have mainly to do with manufacturing and attachment: 
6447049).
Broad Face -Two patents describe bumpers with a tall front-view height to provide support without additional structures (see GB 2336812).
Note that in addition to these specific design features, the patent and literature search also indicated that designs that provide improved 'cushioning' of the lower limb (e.g., foam shape/profile, multi-density foam, and pedestrian 'bull-bars') can also be used to help reduce knee bend angle during the pedestrian impact.
DISCUSSION

DESIGN TRENDS
Several common design trends can be identified based on the results of this survey. These represent alternative approaches to meeting the requirements of pedestrian leg impact.
As bumper systems meeting these requirements are only beginning to hit the market in Europe, Australia, and Japan, it is too early to state definitively which approaches will eventually be the most common. However, the preponderance of certain types of designs in the patent archives can provide some assessment of the likelihood of each trend to be implemented. A list of the key trends follows, in order of the probability of implementation. Alternative absorbers. Between multi-density or 'tuned' shape foams and a large number of molded plastic energy absorbers, this is a growth area. The prevailing data suggests that some type of energy absorber will be necessary between the bumper beam and the pedestrian (structural beams alone being too stiff). There are a few proposed designs that propose modifying the bumper beam to be an energy absorber or adding a crush-can behind the beam. Basically, any design that improves the efficiency of energy absorption will enable vehicle designers to deliver both pedestrian and vehicle impact performance in a more compact package.
The more aggressive alternative designs attempt to achieve greater differences in stiffness between the two types of impact. Alternative foam and plastic energy-absorbers will probably be the lead contenders in this area for the foreseeable future.
Beam
The design of the bumper beam in a beam-absorber system (traditional passenger car) has also received some attention. In particular, there are several proposals to change the shape of the face of the beam to eliminate foam 'bottoming-out' and reduce leg form knee bending. In addition, molded plastic absorbers often require additional attachment points on the face of the beam. This represents a common though minor-design trend that is really just part of good design practice.
Flexible beams.
There are some indications that a flexible (usually plastic) beam can be used to improve pedestrian impact performance. At present, this does not represent a significant trend. 'Add-on Structures.' A few structures mounted on the front of the vehicle have been proposed to provide additional energy absorption and support of the lower limb during a pedestrian impact. Although a 'bull-bar' is not in general a device that would enhance pedestrian safety -a proposed Europ an regulation on bull-bars assumes they are a detriment to pedestrians -a properly designed energy absorbing add-on structure may protect a pedestrian from more severe impact with the vehicle structure. The design proposals in this area predominantly use plastic materials. This is a minor trend that is unlikely to affect most vehicles.
sensors and/or
Although these were not included in this study, they do represent a major design trend. The major benefit of this approach is that protecting for pedestrian impact would result in virtually no change to vehicle styling. In addition, any type of bumper system could be used with an airbag cover-the energy absorption of the bumper is irrelevant. The key disadvantages are cost, durability, and feasibility of the system. Sensors and airbags are much more expensive than most components in other proposals, and their durability outside the vehicle is unknown. In addition, no sensor has yet demonstrated the performance required to deliver this system. As these technologies were not reviewed in-depth in this study, insufficient data exists to predict how likely implementation will be. Major patent activity is on-going in the supporting technological areas, but the remaining technical hurdles and costs are significant.
In the author's opinion, implementation will likely be limited to styling-critical vehicles.
PATENT TRENDS
In addition to looking at design particulars, it is illuminating to look at the growth of 'pedestrian protection' bumper patents over time (Figure 3) . A modest increase in patents in this area started in 1995, 130 technical articles and 14 7 patents were found describing alternative designs within the static area.
While the technical articles provide information on the 
